The 2-deoxystreptamine aglycon is a commonstructural feature found in aminocyclitol antibiotics including neomycin, kanamycin, tobramycin, gentamicin, sisomicin, butirosin and ribostamycin. A key enzyme involved in the biosynthesis of the 2-deoxystreptamine moiety is 2-deoxy-1sic>'//<9-inosose (DOI) synthase which catalyses the carbocycle formation from D-glucose-6-phosphate to 2-deoxy-scy//<9-inosose. The recent success of isolating the 2-deoxy-,s'cy//6>-inosose synthase from Bacillus circulans prompted us to clone the gene responsible for this important enzyme by the use of reverse genetics approach. With the aid of DNAprobes constructed on the basis of the amino-terminal sequence of the purified 42kDa subunit of the enzyme, the responsible gene btrC was successfully cloned. Subsequently the btrC gene was heterologously expressed in Escherichia coll, and the 2-deoxy-scy//oinosose synthase activity of the recombinant polypeptide was confirmed by chemical analysis. The btrC gene encodes a protein composed of 368 amino acids with a molecular mass of 40.7 kDa. Our previous proposal for the similarity of 2-deoxy-scylloinosose synthase to dehydroquinate synthase has been confirmed on the basis of their amino acid sequences. Significant differences in the sequences can also be observed however, particularly in the crucial substrate recognition regions. Comparison of the BtrC sequence with those ofbiosynthetic enzymes for other related microbial products is also discussed.
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Over many years, the genetics of the biosynthesis of ribostamycin etc.,ia) has not been reported to date. While many resistance genes for these antibiotics have been pp. 559 -571 identified in the producing organisms and drug-resistant bacteria,3) those concerning the biosynthesis have evaded discovery.4) This paper describes the first successful identification of the gene for 2-deoxy-1srj///oinosose (DOI) synthase which is a key enzyme required for carbocycle formation during the biosynthesis of the above mentioned DOS-containing aminocyclitol antibiotics.
DOS,which is chemically a pentasubstituted cyclohexane, is a commonaminocyclitol aglycon found only in microbial secondary metabolites.
The biosynthesis of DOS-containing aminocyclitol antibiotics has been extensively studied, mostly by the use of isotope-tracer technology with whole-cell systems of producing microorganisms, as well as non-producing blocked (idiotrophic) mutants.5~8) The biosynthesis of aminocyclitol antibiotics which contain a fully-hexasubstituted cyclohexane moiety biosynthesized from myoinositol including streptomycin and fortimicin have already been studied on the genetic level.9'-10) However, the biosynthetic genes of the DOS-containing aminocyclitol antibiotics have never been identified as explained above.
The enzymes involved in the biosynthesis of these antibiotics also remained unclear except for someparticular enzymes, e.g. transamination enzymes of relevant inososes.11'1F or the biosynthetic pathway of DOS-containing aminocyclitol antibiotics, the DOI synthase reaction appears to be a crucial starter step. The DOIsynthase catalyses the intramolecular carbocyclization of dglucose-6-phosphate (G-6-P) into the first non-aminogenous cyclitol DOI.5'6 13) The reaction mechanism of the enzyme has been elucidated by us as shown in Fig. 1 
Materials and Methods

General Information
Materials from commercial sources include D-glucose-6-phosphate (G-6-P) dipotassium salt (Sigma), NAD+ (Oriental Yeast Co., Tokyo), reagents for electrophoresis and copper staining (Bio-Rad), and trypsin (Funakoshi, Japan). All other general reagents were of the highest analytical grade available. SDS-removal cartridges were purchased from Michrom BioResources, Inc (Auburn, CA, USA). d- [6,6-2H2] glucose-6-phosphate dipotassium salt was prepared as described previously.20'21) 50%Methanol was used as the sheath liquid at a flow rate 0.5 /il/minute. The trap was run with automatic gain control for all experiments. In this mode, the system automatically selects the trapping parameters to keep the number of ions present in the trap to a constant preset value. The electron multiplier was set to -850V. The numbers of "microscans" collected were 3 and 2 for the full MS and the MS/MS, respectively. In the CID mode, the trap was filled for up to 50 msec, depending on the number of ions entering the trap per unit of time. In this mode, the threshold to trigger ion selection was 5.0 x 104, and the default collision energy was set to 50%. Nano-LC/ESI IT-MS and Nano-LC/ESI IT-MS/MS were run in an automated nano-LC/MS-MS/MSmode that monitored for a signal threshold and performed MS/MSon the base peak when the threshold criteria were exceed. Molecular weights and partial amino acid sequences of the peptides were attributed to the sequence of the amino acid sequence estimated from the btrC gene, using the BioWorks software supplied with the LCQ. The membrane was then screened by hybridization. 
Confirmation of DOI Synthase Activity of BtrC
The cells of E. coli/pT>S4 were suspended in a 50mM
Tris-HCl buffer containing 0.2mM CoCl2, pH 7.7 (5 g of wet cells in 150ml), and were then sonicated by a Branson sonifier Type-250 for 2minutes x lO times at 0°C in an iced water bath. The sonicate was centrifuged 563 at 12,000 x g for 30 minutes and the resulting supernatant was used as a cell-free extract for enzymereaction. The reaction was carried out with G-6-P or [6,6-2H2 ]-G-6-P as substrate in the presence of 5 ml of the cell-free extract, 5mMNAD+, and 5mMCo2+, at 46°C for 2hours. The reaction product was derivatized to O-(4-nitrobenzyl)oxime and purified by thin-layer chromatography (Merck Kieselgel F254) as described previously.26) The identity of the (9-(4- 100pi, final concentration of G-6-P and NAD+was 5 mM).Incubation was carried out at 46°C for 5 minutes. After this, the same protocol was performed as described previously. One unit of the enzymeactivity was defined as the production of 1 pmol of DOI per minute.
The btrC gene product (BtrC) was biochemically characterized under the standard enzymeassay conditions with a modification of pH or an addition of metal ions. OptimumpH was determined by an enzyme assay in a 50mM MOPS-KOHbuffer between 6.5 to 8.0, and a 50mMTris-HCl between 7.0-9.0. For the analysis of a metal ion requirement, CoCl2 à"6H2O, MgCl2 à"6H2O,
ZnCl2, and NiCl2-6H2O were used at a final concentration of 1 mM.A metal-free condition was made by adding EDTA(final concentration, 1 mM). For the determination of optimum reaction temperature, the enzyme reaction was performed at varying temperatures between 15 to 55°C. The heat stability of the recombinant enzyme was studied by measuring the residual activity after heat-treatment between 20 to 60°C for 5 minutes.
Purification of BtrC
The cell-free extract solution was prepared as described above. The solution was loaded onto a column (2.5 x 15 cm) ofDEAE-Sepharose Fast Flow equilibrated with 50mMTris-HCl containing 0.2mM CoCl2 (pH 7.7). The adsorbed proteins were eluted using the same buffer with a linear gradient of NaCl concentration from 0m NaCl (300ml) to 0.4m (300ml 
Deposition of the Nucleotide Sequence
The nucleotide sequence data reported in this paper (btrC) will appear in the DDBJ/EMBL/GenBank nucleotide sequence databases with the accession number AB019237.
Results
Cloning of the btrC Gene from B. circulans
The amino acid sequence of the amino-terminus of the 42 kDa subunit ofDOI synthase from B. circulans SANK 72073wasdeterminedtobeMTTKQI?FAD R? FNFAFGEHVLOnthebasis ofthepartial sequence F N F A F G E HV, two oligonucleotide probes designated as 40 kA and 40 kB were synthesized. Both of these were DIG-labeled (40 kA and 40 kB) and were used as probes for Southern hybridization with the chromosomal DNA digests prepared by various restriction enzymes (data not shown). Amongthe DNA fragments that positively hybridized with both probes, a 4.2 kbp fragment obtained by digestion of chromosomal DNAwith EcoRI was selected and was subsequently ligated into pUC19. The resulting plasmids were used as JUNE 1999 a size-fractionated chromosomal DNA library of B. circulans. E. coli JM105 was transformed with the plasmids of the chromosomal library, and the resulting transformants were screened by colony hybridization with the same DIGprobes. As a result, only one positive clone (pDSl) was obtained. Nucleotide-sequencing of pDSl (Fig. 2) clearly showed that the deduced amino acidsequence(MTTKQICFADRCFNFAF GEHVLESVESYIPRDEF)wasingood agreement with the amino-terminal sequence of the 42kDa subunit of DOI synthase described above.
However, the open reading frame (ORF) ofpDSl turned out to unfortunately contain only a small fragment of the expected whole gene for the 42kDa subunit (Fig. 2) . Therefore, a DIG labeled BamHI-EcoRIfragment of pDSl was used as a probe in order to identify the whole gene. Through similar Southern hybridization with this probe, a 4.0 kbp BamHI-Pstl fragment of the B. circulans chromosomal DNAwas isolated. This fragment was inserted into pUC19as described above, and the resulting transformants were screened by colony hybridization using the same probe. In this way, an open-reading frame (ORF) in the 4.0 kbp BamUl-Pstl fragment (pDS2) was identified as the whole btrC gene for the 42 kDa subunit of DOIsynthase from B. circulans on the basis of the molecular size (Fig. 2) . BtrC, recombinant DOI synthase; AromEn, DHQsynthase of Emericella nidulans (DHQsynthase region of AROMprotein, SWISS-PROT, P07547); AroBBs, DHQsynthase of Bacillus subtilis (SWISS-PROT, P31102); AroBEc, DHQsynthase of E. coli (SWISS-PROT, P07639); RifGAm, amino DHQsynthase of Amycolatopsis mediterranei (a part of rifamycin biosynthetic gene cluster, AF040570). A functional attribution of the aa residues given reverse face, based on the analysis of the three-dimensional structure of the DHQ synthase domain of Emericella nidulans is given below the alignment by the following code: + is metal binding residues. # is not conserved in the BtrC. VOL.52 NO.6 THE JOURNAL OF ANTIBIOTICS DHQsynthases (AroB) and the catalytic domain ofDHQ synthase of Emericella (formerly Aspergillus) nidulans (Fig. 4) .30)
Other ORFs found around the btrC gene are also shown in Fig. 2 . These ORFs suggest a butirosin biosynthetic gene cluster in the B. circulans chromosome. The functions of these genes have yet to be elucidated.
Expression of the btrC Gene It was essential to confirm the function of the btrC gene, and an attempt wasmadeto over-express the gene. The corresponding DNAfragment was inserted into an expression vector PET-30b(+), which was then used to transform E. coli BL 21 (DE3). A transformant (pDS4) containing the btrC gene was thus obtained. The amount (Fig. 5, lane 5) . The DOIsynthase activity of BtrC was clearly confirmed by the assay with G-6-P and [6,6-2H2 ]-G-6-P using a cell-free extract of the transformed E. coli / pDS4. Approximately 3 mg of <9-(4-nitrobenzyl)oxime deriva- BtrC catalyzes the DOIsynthase reaction in the absence of the 23 kDa subunit of the native DOI synthase from B. circulans, and hence, the btrC gene product (BtrC) was verified to be a recombinant DOIsynthase.
Purification of BtrC
During the purification procedures, recombinant DOI synthase BtrC tended to spontaneously aggregate under the conditions of ammonium sulfate precipitation and dialysis. The enzyme activity was also lost following a short-term storage in a 50mMTris-HCl buffer in the absence of Co2+ ion (data not shown). These observations indicate that the recombinant DOI synthase is clearly distinct from the native DOI synthase from B.
circulans from the viewpoint of protein stability. Therefore, the purification protocol for BtrC was modified. Thus, the handling of BtrC was always carried out in the presence of0.2mM Co2+ in a 50mMTris-HCl buffer (Table 1) . Approximately 60 % of the purified BtrC were inactivated after 10 days of storage at 4°C or at -75°C even in the presence of 0.2mMCo2+. The recombinant protein clearly showed a single band of 42kDa on SDS-PAGE (Fig. 5, lane 7) . However, an active enzyme fraction was co-eluted with a standard of by the recombinant DOI synthase is fast, the protein is rapidly denatured above 50°C. These findings encourged us to perform an enzymeassay at 46°C as in the case of native DOI synthase from B. circulans}9) The effects of various divalent metal cations on the recombinant DOI synthase are described in Table 2 . The presence ofCo2+ ion was essential for the DOIsynthase, because the recombinant enzymewas unable to be purified under the conditions without Co2+as already mentioned. Additional evidence for instability without the presence of Co2+ was that the enzyme activity was diminished in the presence of EDTA. Although Mg2+, Ca2+, Mn2+, and Fe2+ did not effect the enzyme activity, Cu2+ and Zn2+ strongly inhibited the enzyme reaction. These results suggest that the recombinant DOIsynthase reaction specifically requires Co2 + ion. The time course of DOIsynthase reaction under the optimum conditions was examined by using 2^m ofBtrC. The rate of production of DOIwas observed to be constant within the first 30minutes.
The kinetic parameters were next analyzed by stopping the enzyme reaction after 5 minutes, and the amount of production of DOIper minute was used as the initial velocity. According to a standard Lineweaver-Burk plot from the initial velocity of the enzyme reaction with the substrate G-6-P, the kinetic constants (kcat and Km) were determined, kcat being 1.0s"1; Km (for G-6-P), 2.1 x 10"4m; kJKm. 4.8xlO^"1s"1, at46°C and pH 7.7. Similarly, Kmfor NAD+was determined to be 2.3x 10"5mat46°C and pH 7.7. The amino acid sequence of the btrC gene product (BtrC) shows significant similarity to the sequences of a family of dehydroquinate synthases (DHQsynthases) in the shikimate pathway (Fig. 4) The recombinant DOIsynthase was found to be rather unstable than the corresponding native enzyme from B. circulans. This may be due to an alternative conformation for the recombinant BtrC whencompared to that of the native enzymestructure. Based on the chromatographic behaviors of these enzymesin gel-filtration experiment, the DOIsynthase from B. circulans appears to exist as a heterodimer,19) whereas the recombinant enzyme is a homodimer. The difference of their stability may indicate that the native 23 kDa subunit is necessary to constitute a stable structure. This conserved hydroxy-recognizing residue in BtrC is in good accord with our previous observation that the conversion of 3-deoxy-G-6-P to the corresponding dideoxy-scy/Zo-inosose was inefficient.
16) The most significant difference between DHQsynthase and DOI synthase was found in three residues (K250, R264, N268in the former). These residues were reported to be responsible for the recognition of the C-l carboxylate of the DAHPsubstrate. The corresponding ionic residues are lacking in DOI synthase (Fig. 4) , which is reasonable as the G-6-P substrate of the latter enzyme does not contain an ionic carboxylate functionality. Additional differences may be found in the threedimensional arrangement of relevant functional motifs involved in the phosphate elimination and the aldol cyclization steps (Fig. 1) , since the cryptic stereochemistry of the C-6 position of glucose in the DOI synthase reaction of Streptomyces ribosidificus was elucidated to be opposite to that of DHQsynthase.17'18'34'353 More detailed studies will be necessary to obtain further insights into these intriguing questions.
In conclusion, we have cloned the btrC gene which encodes for the functional 42kDa subuiiit of DOI synthase from Bacillus circulans SANK72073. This is the first successful entry to genetic studies of the biosynthesis of clinically important DOS-containing aminocyclitol antibiotics.
